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Photolysis of cis-Hexene-2 and cis-Butene-2 at 2026 and 2062 A * 
JOHN P. CHESICK 
Department of Chemistry, Haverford CoUege, Haverford, Pennsylvania 
(Received 9 June 1966) 
cis-Hexene-2 and cis-butene-2 were photolyzed directly using 2026- and 2062-A radiation at varying 
methane pressures up to 52 cm and olefin pressures of 2 em. Collisional stabilization of the trans isomer in 
each case competes with the first-order decomposition reactions: 
(I) 
CJII2*->C4H 7+C2H" 
(2) 
C4Hs*->CsH6+CHs, 
(S) 
->C4H7 +H. 
From the observed pressure dependencies, the values of the first-order rate constants are ki = 8.2 X 107 seci 
k2=5.0XlOB sec-t, k3~3.5XlOS sec-I. Quantum yields for the total of trans olefin and cleavage Reaction (2) 
a.re of the order of u~t~ for both buten;-2 and hexene-2 photolyses. It is concluded that the cleavage reac-
tlO~S occ~r a~ter rapId mternal conversIOn to the ground electronic states. The cis-trans isomerization and 
an IsomenzatlOn to the 1-0lefin (5% of total reaction) occur in a time short compared to the time between 
deactivating collisions at the highest pressures. 
INTRODUCTION 
THERE have been few studies reported of direct photolysis of monoolefins, although there is a large 
literature on the mercury-6(3Pl)-sensitized reactions 
of many species. These sensitized decompositions have 
usually been presumed to proceed directly from triplet 
states formed as a result of the primary quenching 
process.l Experiments using direct excitation to upper 
singlet states have been chiefly those involving the 
photolysis of ethylene and propylene in the vacuum 
ultraviolet using rare-gas resonance lines at 1236 and 
1470 A.2 Photolysis of ethylene at 1849 A and at 
pressures of less than 4 em yielded essentially the same 
product distribution as at shorter wavelengths.3 It is 
difficult to determine if these are products of reactions 
of the electronically excited states or if significant 
amounts of products are formed as a result of thermal 
cracking processes after internal conversion to the 
ground electronic state. The large energy input and 
the small size of the molecule would lead to molecular 
lifetimes for the thermal cracking processes which 
would be quite short relative to collision times at 
pressures of inert gases of up to 1 atm. Most of the 
experiments were performed using only relatively low 
reactant pressures. 
Srinivasan3 has reported studies of direct photolysis 
of conjugated polyolefins such as 1,3, 5-cycloheptatriene 
in which pressure quenching of some reactions is in-
terpreted as evidence for reactions of vibrationally 
excited ground-state molecules produced by internal 
* Supported by the National Institutes of Health Grant 
GM 11344-02. 
1 R. J. Cvetanovic, Progr. Reaction Kinetics 2, 41 (1964). 
2 H. O~a~e and J. R. McNesby, J. Chern. Phys. 36, 601 (1962). 
3 R. Snruvasan, J. Am. Chern. Soc. 84, 3432 (1962). 
conversion from the first excited singlet state. It is 
generally accepted from the work of Hammond4 and 
others that singlet-triplet intersystem-crossing pro-
cesses often occur rapidly in the photolysis of aromatic 
systems and systems involving carbonyl groups. The 
significance of such processes as a result of the direct 
excitation of alkyl substituted monoolefins is essen-
tially unknown, although the singlet-triplet separa-
tions are the largest for such systems and therefore 
the intersystem-crossing probabilities have been usually 
presumed to be smaller than those for aromatic or 
carbonyl systems. A few experiments on the direct 
photolysis of butene-2 were reported by Cundall." 
Significant polymer formation occurred on irradiation 
of butene-2 with light from an aluminum spark source; 
some collision stabilization of an excited species was 
suggested. Assorted mono-olefins have been subjected 
to prolonged irradiation in a glass at nOK using a 
high-pressure mercury arc, and some of the longer-
lived radicals formed were examined by ESR spectro-
scopy.6 These results are not applicable in considera-
tions of energy-transfer phenomena. 
Experiments in the direct photolysis of cis-hexene-2 
and cis-butene-2 were therefore carried out to deter-
mine the effects of pressure on the total product yields 
and the product distributions. With molecules of this 
size, lifetimes should be long enough to permit observa-
tion of collisional de-excitation of any energetic ground-
state species which might be formed via an internal 
conversion process. Light of wavelength near the long-
: G. S. Hammond et al., J. Am. Chern. Soc. 86, 3197 (1964). 
R. B. Cundall, F. J. Fletcher, and D. G.l'Milne, Trans. Fara-
day Soc. 60, 1146 (1964). 
6 G. P. Poole, Jr., and R. S. Anderson, J. Chern. Phys. 31 
346 (1962). • 
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wavelength absorption cutoff was used in order to 
minimize the energy input. 
The studies of Dorer and Rabinovitch,7 which are 
referred to later in more detail, on the lifetimes of 
mono-olefins formed in ground electronic states by 
chemical activation with about 118 kcaljmole of vibra-
tional energy provide experimental data for comparison 
with the lifetimes of vibrationally hot species which 
might be formed by direct olefin photolysis at higher 
energies. 
EXPERIMENTAL 
Light Source 
The light source used in the photolyses of cis-hexene-2 
and cis-butene-2 was a Phillips 93196E 25-W zinc 
lamp with a spectral energy distribution as mentioned 
by Yamazaki and Cvetanovic.8 The end of the 3.5-
cm-i.d. cyclindrical photolysis cell of 5 em path length 
was illuminated with the full unfiltered radiation from 
the lamp. 
The combination of silica absorbance below 2000 1 
and the transparency of the hydrocarbons above 
2100 1 combine to provide an efficient filter system 
for the 2026- and 1062-A lines as shown by measure-
ments with a monochromator and photomultiplier. 
The 2139-1 zinc line was also absorbed by bicyclo-
heptadiene used as an actinometer, although this 
system was transparent to radiation of longer wave-
lengths from the lamp. Essentially no photodecomposi-
tion of ethylene is observed using this light source in 
times comparable to those used in the butene and 
hexene photolysis experiments. 
The absorption coefficients of the cis olefins for the 
2026- and 2062-1 radiation are sufficiently low that 
the bulk of the light absorption is not occurring at 
the cell wall. The path length for 50% absorption is 
1 to I! em at the typical olefin pressure of 2 em Hg. 
Materials 
Phillips cis-hexene-2 was purified by gas chromatog-
raphy until the major impurity, trans-hexene-2, was 
reduced to less than 0.02%. Phillips cp-grade cis-
butene-2 containing 0.16% trans-butene-2 was used 
as received for most of the butene-2 photolysis experi-
ments Results obtained from this starting material 
appeared to be identical with those obtained from the 
use of Phillips research-grade cis-butene-2 containing 
less than 0.05% of the trans compound. Phillips re-
search-grade ethylene and methane were used as re-
ceived. The methane contained some C2 impurities and 
2.4XI0-3% of propane. These impurities were un-
reactive. One of the hexene-2 photolysis experiments 
7 F. H. Dorer and B. S. Rabinovitch, J. Phys. Chern. 69, 
1952 (1965). 
8 H. Yamazaki and R. ]. Cvetanovic, J. Chern. Phys. 41, 
3703 (1964). 
TABLE 1. Product distributions relative to trans-hexene-2 produced 
in photolysis of cis-hexene-2." 
Product species 
cis-Hexene-2 pressure: 2.0 cm 
No added gas 30 cm methane 
C2H,+C2H6 0.044 Not determined 
Butane 0.113 0.016 
Butene-1 0.014 0.0033 
Butene-2 0.0144 0.0034 
3-Methylpentene ·1 0.152 0.027 
Hexene-1 0.049 0.045 
trans-Hexene-2 1 1 
2,3-Hexadienes <0.003 
a Other products observed were each less than 2% of Irans-hexene-2 produced. 
at a high methane pressure was repeated using methane 
which had been passed our times over a warm (50°C) 
potassium mirror. The product yields of this run were 
quantitatively and qualitatively similar to those ob-
tained with the untreated methane. It is concluded, 
from this experiment and from the linearity of product 
yields with irradiation time, that scavenging by trace 
oxygen is not a problem. Consumption of trace amounts 
of a scavenger should become apparent at the higher 
conversions. 
Vacuum System and Procedure 
A grease-free photolysis system was used. A mag-
netically driven double-action reciprocating plunger 
pump circulated the gas mixture through the photolysis 
cell and sampling system with a circulation time short 
as compared to photolysis times. 
Gas-chromatographic analyses of samples of the 
product mixtures of the photolysis of cis-butene-2 
were carried out using both SF -96 silicone oil on fire-
brick and dimethylsulfolane on firebrick columns. 
Fractions trapped from separations with the silicone 
oil column were repassed through the dimethylsulfolane 
system to check peak homogeneity and product 
identity assignments. 
RESULTS 
cis-Hexene-2 Photolysis 
Summaries of the most important features of the 
experiments with cis-hexene-2 are found in Tables 
I and II and in Figs. 1, 2, 3. In Table I are indicated 
product distributions obtained in two runs with a 
large difference in the key variable, the pressure of 
methane added as an inert gas. Minor product yields 
are better examined at the lowest pressure for which 
cracking reactions are most important. The sum of 
ethane and ethylene produced is reliable only for runs 
without added methane because of the presence of 
minor C2 impurities in the research-grade methane 
used. The analyses for these species in the experiments 
Downloaded 12 Apr 2013 to 165.82.168.47. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
3936 JOHN P. CHESICK 
N o.osl H O~ .-....,O..----.!:.:-------,G~. ---<;8>-
I 0.02:+~-___,r__-ri -~----'i---.J o 20 40 
ADDED GAS P, eM 
FIG. 1. Relative production of hexene-l and trans-hexene-2 
from photolysis of cis-hexene-2 at 2 cm. 0, added methane; 
E1, added ethylene. 
without added gas provide at least an upper bound for 
C2 products. Table II summarizes the conditions for 
the experiments with cis-hexene-2. Run numbers are 
included to indicate that a systematic decrease in 
product formation through opaque polymer formation 
was less than 10% for the series of runs. Between 
Runs 10 and 11, the lamp was repositioned to il-
luminate the opposite cell window, with a significant 
Increase of about 10% in product yield. The fluctuations 
in relative product yields were less than the fluctuations 
seen in the yields of products relative to the starting 
material. The effects of an increase of 4.8 cm in cis-
hexene-2 pressure (Run 1 compared with Run S) 
on the relative product distribution appear to be 
identical to those seen for the addition of 10 to 12 cm 
of methane. Thus in terms of energy-transfer effects, 
methane is found to be 0.40 to 0.47 as efficient as 
hexene-2 on a pressure basis. The increase in the total 
product yield with an increase in hexene pressure 
is attributed to a greater absorption of the divergent 
light beam at the higher pressure. Ethylene addition 
had the same effect on total product yields and rela-
tive product distribution as a slightly higher pressure 
of methane. Thus ethylene appears to be acting as 
an inert gas in the photolysis of cis-hexene-2 without 
observable effects as a hydrogen-atom trap or special 
energy-transfer agent. 
cis-Butene-2 Photolysis 
The results of photolysis of cis-butene-2 using the 
2026- and 2062-A zince lines are summarized in Tables 
III and IV and in Figs. 4, S, 6, and 7. Table III pro-
vides a summary of the effects of the pressure of 
methane, apparently an inert gas, on the product 
distribution. No significant amounts of allene or 
methylcyclopropane are found, and no other single 
product in the Cr C5 region amounted to more than 
2% of the total products measured. It is observed from 
Ef~-'~I 
o 20 40 
ADDED GAS p. eM 
FIG. 2. Produc-
tion of trans-hexene-
2 (arbitrary units) 
in photolysis of cis-
hexene-2 at 2 cm. 
0, added methane; 
E1, added ethylene. 
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FIG. 3. Stabilization/decomposition of excited hexene-2 at 
2 cm. 0, added methanej 8, cis-hexene-2 alone at a total pres-
sure of 6.8 cm. 
the total product yields listed in Table IV that sig-
nificant polymer deposition was not taking place. 
The yields of all products except butene-l, trans-
butene-2, and isotutene appear to be decreased by 
about the same factor on additlOn of methane. Iso-
butene and trans-butene-2 are the only products ob-
served which increased with an increase in methane 
pressure as seen in Fig. 5. The yield of butene-1, a~so 
shown in Fig. 5, is not decreased as much by an In-
crease in methane pressure as are the other products 
shown in Fig. 4. The total product yield of Run 9 
at the higher butene pressure is probably larger than 
those of the other experiments because of greater 
light absorption, mentioned in similar context in dis-
cussion of the cis-hexene-2 photolysis experiments. 
The relative product distribution for the higher butene 
Q 
..J 
... 
-
>-
z·o 
I- 1·0 
u 
::> 
Q 
o 
II: 
... 
." 
O+------r-~-~----,~ 
o 20 40 
ADDED GAS P, eM 
FIG. 4. Product yields (arbitrary units) in the photolysis of 
cis-butene-2 at 2 cm with added methane. 0, total CaI!.j 8, 
butanej E1, pentene-2j filled symbols, 5.0 cm of added ethylene 
instead of methane. 
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TABLE II. Principal product yields from cis-hexene-2 photolysis. 
trans-Rexene-2 Ratio 3-methyl. 
cis-Rexene-2 Added gas )ressure, yield (arbitrary pentene-l/trans-
Run No. pressure (em) (em units) hexene-2 
1 6.8 0 16.9 0.067 
5 2.0 0 10.8 0.152 
11 2.0 0 11. 7 0.159 
4 2.1 CR., 5.7 9.8 0.083 
9 2.1 CR., 11.1 9.4 0.043 
6 1.9 CR., 15.4 10.8 0.043 
3 2.1 CR., 30.1 11.3 0.027 
12 2.1 CR., 36.4 13.3 0.017 
10 2.1 CR., 49.3 10.9 0.02 
2 2.1 CR., 53.5 11.5 0.021 
7 2.1 C2R., 5.15 10.0 0.070 
8 2.1 C2R., 11.85 9.4 0.051 
pressure of Run 9 was essentially that expected for an 
experiment with 2.0 cm of cis-butene-2 and 8 to 14 
cm of methane. The concomitant rise in trans-butene-2 
yields and decrease in yields of all other Ca through Cs 
products with an increase in methane pressure, as 
shown by the data in Table IV, indicate that the 
species stabilized by collisions with an inert-gas mole-
cule would otherwise ultimately decompose to free-
radical cleavage products. Except for the apparent 
absence of allene and presence of isopentane and 
methylacetylene, the products are qualitatively similar 
to those reported by Kebarle and A vrahami9 in the 
low-pressure mercury-6(SPl)-photosensitized decom-
position of cis-butene-2 in the presence of 10 mm of 
helium. There are significant quantitative differences 
in the product distributions, principally the much 
o+--------.--~--_.----~ 
o 20 40 
ADDE 0 G-AS p. eM 
FIG. 5. Product yields (arbitrary units) in the photolysis of 
cis-butene-2 at 2 em with added methane. 0, isobutene; I:!l, 
butene-I; A, trans-butene-2; filled symbols, 5.0 em of added 
ethylene instead of methane. 
9 P. Kebarle and M. Avrahami, J. Chern. Phys.38, 700 (1963). 
grea ter importance of 1, 3-bu tadiene in the photo-
sensitized decomposition which can be attributed to 
special conditions of the low-olefin-pressure experi-
ments. Kebarle and Avrahami concluded that in their 
system the butene-2, presumed to be formed initially 
in a vibrationally excited triplet state, decomposed by 
two primary reactions: 
butene-2*~CHaCHCHCH2+ H 
~CH2CHCH2+CHs, 
with allyl radicals produced either in the cleavage 
process or in a subsequent rapid unimolecular iso-
merization of a CHaCHCH species formed by a simple 
cleavage of a carbon-carbon bond. The small pressure 
dependence of the ratio of methylacetylene to pro-
pylene, Fig. 6, over a three- to fourfold variation in 
total yield of these products, indicates that a common 
CaR5 radical precursor is involved. The presence 
of methylacetylene suggests that this would be 
CHaCH=CH rather than the allyl radical. James 
TABLE III. Product distributions relative to trans-butene-2 
produced in photolysis of cis-butene-2. 
1.9-cm cis-
2.1-cm cis- butene-2 with 
Product species butene-2 49.0 em methane 
Ethane 0.72 
Propylene 0.69 0.033 
Methylacetylene 0.13 0.0088 
Butane 0.32 0.0198 
Butene-l 1.52 0.154 
Isobutene 0.15 0.090 
Butadiene-l,3 0.13 0.032 
Bu tadiene-l , 2 0.099 
Isopentane 1.25 0.039 
n-Pentane 0.16 
3-Methylbutene-1 0.60 0.0184 
trans-Pentene-2 0.68 0.029 
cis-Pentene-2 0.61 0.032 
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TABLE IV. Product yields from cis-butene-2 photolysis. 
trans-Butene-2 Total yield 
cis-Butene-2 Added gas ~ressure yield (arbitrary of all CrC. 
Run No. pressure (em) (cm units) products observed 
10 2.1 0 1.57 11.1 
9 7.0 0 5.16 18 
7 2.0 5.3, CH, 3.03 11.1 
6 2.1 16, CH, 5.36 11.3 
3 2.1 23.3, CH, 6.88 12.6 
5 2.35 37.7, CH, 7.36 12.2 
11 1.9 49.0, CH, 8.53 12.6 
4 2.1 51.6, CH, 7.6 11.2 
8 2.1 4.9, C2H, 3.31 12.8 
and TroughtonlO also found allene and propylene 
rather than methylacetylene and propylene as dis-
proportionation products of allyl and ethyl radicals. 
However, in the direct photolysis of butene-2, addition 
of ethylene results in some pentene-1 production and 
a decrease in propylene yield WIth no change in the 
yield of methylacetylene, effects explainable in terms 
of a parallel production of allyl and CHaCH=CH radicals 
in the primary cleavage processes or a subsequent 
isomerization of a portion of the CHaCH=CH. Other 
effects of ethylene addition were those expected from 
production of ethyl rather than sec-butyl radicals in 
hydrogen-atom scavenging processes; the isopentene 
yield decreased and propane formation occurred through 
methyl+ethyl radical recombination. The effects of 
added ethylene on total product yield appear to be 
similar to those of an equal pressure of methane. 
Quantum Yields 
Calvert and Pittsll have recently summarized in-
formation on a variety of reactions which might be 
used as chemical actinometers. There are difficulties in 
'" :s: 
'" ~ 0·6 
'" 
,., 
:s: 
'" ......... 0·4 
:s: 
'" dO 
"',., 0·2 
:s: 
<) 
• 
0·0-t----~-_r_----.----r--..---J 
o 20 40 
ADDED GAS P, CM 
FIG. 6. Ratio of methylacetylene to propylene produced in 
photolysis of cis-butene-2 at 2 cm. 0, added methane; e, added 
ethylene; 8, cis-butene-2 at a total pressure of 7 cm. 
10 D. G. L. James and G. E. Troughton, Trans. Faraday 
Soc. 62, 145 (1966). 
11 J. G. Calvert and J. N. Pitts, Jr., Photochemislry (John 
Wiley & Sons, Inc., New York, 1966). 
finding a reference reaction of known quantum yield 
at around 2050 A. Use of results obtained for many 
systems at 2537 A for the shorter wavelength make 
accurate determinations of the quantum yields for 
the cis olefin photolysis reactions difficult. Norborna-
diene, or bicyclo-(2, 2,1) -hepta-2, 5-diene, yields cyclo-
pentadiene and acetylene in one process and toluene 
in another reaction with a combined quantum yield 
of 0.56 at 2537 A.13 This quantum yield was found 
to be pressure independent at reactant pressures be-
tween 4 and 31 mm. Cycloheptatriene was seen at 
conversions of greater than 0.1%. Photolysis of bi-
cycloheptadiene with the zinc lamp at a reactant 
pressure of 1 em appeared to produce acetylene, 
cyclopentadiene, toluene, and cycloheptatriene as ex-
pected along with smaller amounts of unidentified 
products. The total product yield from the bicyclo-
heptadiene photolysis is compared with the yield of 
all Ca-through-Ce products observed in the photolysis 
of cis-hexene-2 under conditions for which trans-
N 
, 
101 2·0 z 
101 
... 
::> 
... 
I 
" N ., , ,.. 
101 <) 
Z ::> 
" 1010 
,..0 1·0 
::>G:: 
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, on GI 
-I <) 
I<> 
<) 
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FIG. 7. Stabilization/decomposition of excited butene-2 at 
2 cm of cis-butene-2, represented by ratio of trans-butene-2 
to total of Cs-through-Ca products excluding butene-2. 0, 
added methane; 8, added ethylene; 1::], cis-butene-2 alone at 
a total pressure of 7 cm. 
12 B. C. Roqnitte, J. Phys. Chern. 69, 2475 (1965). 
Downloaded 12 Apr 2013 to 165.82.168.47. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
PHOTOLYSIS OF cis-HEXENE-2 AND cis-BUTENE-2 3939 
hexene-2 amounts to 96% of these Ca-through-Ce 
products. Assumption of the 2537-A quantum yield 
of 0.56 for bicycloheptadiene decomposition gives an 
estimated quantum yield of 0.9 for the cis-hexene-2 
photolysis. The quantum yield for the production of 
the observed products of the photolysis of cis-butene-2 
is found to be similar, based on the total Ca-through-C5 
product yield seen at the highest methane pressures 
in this system. The use of this product summation 
as an adequate representation of butene-2 decomposi-
tion is discussed in more detail later. 
If trans and cis olefins are formed with equal proba-
bility from an excited state and only the trans product 
is detected, then the total product yield at high inert-
gas pressures is underestimated by a factor of almost 2, 
and the quantum yield for chemical products, in-
cluding product cis olefin indistinguishable from the 
starting material, could be as large as 1.8. However, 
uncertainties concerning the wavelength dependence 
of the quantum yield of the bicycloheptadiene photo-
lysis coupled with other uncertainties provide error 
limits which lead to a quantum yield for the photolysis 
of cis-hexene-2 and cis-butene-2 of order unity. It is 
certainly possible to say that the bulk of the light 
energy appears in observed chemical processes in-
volving either electronically excited states or cleavage 
reactions of highly vibrationally excited ground elec-
tronic states reached by internal conversion. Fluores-
cence or phosphorescence processes are not returning 
the cis olefin molecules to the ground state in a large 
fraction of the events. The cis-trans reaction and 
cleavage of an excited species to radical fragments 
appear to account for most of the excitation. 
DISCUSSION 
The data for the photolysis of cis-hexene-2 can be 
most simply explained in terms of the following se-
quence of reactions: 
I .. 
cis-hexene-2---...hexene-2 *, 
hexene-2*---...hexene-1 *, 
hexene-2 *---...hexene-2 **, 
hexene-2*+M---...cis- or trans-hexene-2+M, 
hexene-2**---...CHaCH CHQH2+QH2CHs, 
2CHsQHrCJIlo 
---...CJI6+C2H4, 
CHsQH2+CHsCH CHQHrhexene-2 
---...CHz-CHCH (CHs) CH2CHa 
---...C2H6+CJI6 
---...CJI,+ CJIs, 
2CHaCH CHQHrCsH 14 
---...CJIs+ CJI6. 
(1) 
(2) 
(3) 
(4) 
(5) 
(6a) 
(6b) 
(7a) 
(7b) 
(7c) 
(7d) 
(8a) 
(8b) 
The following sequence of reactions appears to provide a corresponding explanation for the experiments with 
cis-butene-2 : 
h. 
cis-butene-2---...butene-2*, 
butene-2*---...butene-1 *, 
butene-2*---...butene-2**, 
butene-2**+M---...cis- or trans-butene-2+M, 
bu tene**--tCHsCH CHQH2+ H 
---...CHsCH QH +CHs 
---...QH2CH CH2+CHs, 
(9) 
(10) 
(11) 
(12) 
(13a) 
(13b) 
(13c) 
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as an altermative to (13c), 
CHaCH=QH--?QH2CH CH2, (14) 
H +CJ!s--+sec-CJIg, (15) 
CHa+CJIg-+ (CHa) 2CHCH2CH3 (16a) 
-+CJIs+CH4, (16b) 
2CJIg-+CsH1S (17a) 
--7CJIS+CJIIO, (17b) 
CaH6+CJIrC7H14 (18a) 
-+CaH4+CJIIO (18b) 
--7CaH6+C4Hs, (1Sc) 
CJIg+CJIrCsHI6 (19a) 
--72CJIs (19b) 
-+CJIIO+CJIU, (19c) 
2CHa-+C~u, (20) 
CHa+CaH5-+C4Hs (21a) 
-+CH4+ CaH4, (21b) 
2C3H5-+C6HIO (22a) 
-+C3Ho+CaH., (22b) 
CaH5+CJIr C7H12 (23a) 
-+CaH6+CJI6 (23b) 
-+CaH4+C4Hs, (23c) 
CH3+CJIrCHsCH CHCH2CHa (24a) 
-+CH4+CJI7, (24b) 
2C4Hr CsH14 (2Sa) 
-.CJIs+CJIu. (2Sb) 
In these reactions, hexene-2* and butene-2* repre-
sent the excited electronic states reached in the initial 
excitation processes, which as indicated in recent dis-
cussionI3 should possess only small barriers to internal 
rotation about the former double bond. Reactions 
(3) and (11) represent the formation of the highly 
excited species C6H12** and CJIs** in their ground 
electronic states either by radiationless transitions from 
the excited singlet state or through the lowest triplet 
states by two successive intersystem crossings. These 
reactions are concluded to be rapid as compared with 
any effective deactivating collisions at the highest gas 
pressures used, and therefore the species C6H12* and 
CJI6* would contain the 13S.S-kcal/mole quantum 
input as vibrational energy in addition to the normal 
thermal energy of the olefins. 
11 M. B. Robin, R. R. Hart, and N. A, Kuebler, J. Chern. 
Phys.44, 1803 (1966), 
The proposed mechanisms for the two reactions are 
~upI?orte? by a va.riety of evidence. The subsequent 
JustIficatIOns fall mto the following general order: 
(1) The nature of the observed products, effects of 
added ethylene, and the pressure dependence of 
product yields specify the fragmentation processes. 
(2) Consideration of product distributions and cer-
tain reasonable assumptions permit the calculation of 
the relative rates of collisional stabilization to de-
composition for each olefin. 
(3) The observed methane pressure dependence of 
the. stabilization/decomposition ratIO permIts the eval-
uation of the first-order decomposition rate constants 
k5 and k13• 
(4) The observed values for the decomposition rate 
constants are shown to be consistent with values 
calculated from RRKM theory for thermal unimolec-
ular reactions, 
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(5) Alternative cleavage reactions involving elec-
tronically excited species are considered and discarded 
as less probable than the ones proposed. 
Hexene-2 Reaction 
There is no evidence for a split of an excited hexene 
to give a hydrogen atom and a CsHll radical species. 
The atom would be rapidly scavenged by the olefin 
in the system to give hexyl radicals. No n-hexane was 
seen, and addition of ethylene in sufficient quantity 
to compete with hexene-2 in hydrogen-atom-addition 
reactions did not change the Ca product distribution. 
Observed hexene-1 cannot therefore come from hexyl 
radicals. There were also no significant quantities of 
the 2, 4-hexadienes which would be expected as dis-
proportionation products of the probable CaHn resulting 
from metathetical reactions. Dorer and Rabinovitch7 
also observed that hexene-2 produced by insertion of 
CH2 into pentene-1 decomposed principally by rupture 
of the weakest C-C bond to give an ethyl radical and 
the allylic CHaCH=CHCH2 system. Absence of Cs 
and Co products confirms Reaction (5) as the sole 
mode of cleavage of hexene-2 to be considered. 
The most significant observation is the effect of 
increased pressure in decreasing the yields of all 
prod ucts which are derivable from Reaction (5) , 
whereas the yields of trans-hexene-2 and hexene-1 
either stay constant or increase slightly with an 
increase in inert-gas pressure. To investigate this 
effect quantitatively, the yield of radicals produced 
in Reaction (5) must be estimated from the stable 
products observed. A material balance may be written 
for ethyl radicals produced at the lowest pressure runs, 
without added gas: 
C2H5 produced = 2 (1 +k6b/k6a) n-butane 
+[C2H4+C2H6, Reactions (7c) and (7d)] 
+3-methylpentene-1 + (k7s/k7b)3-methylpentene-1. (I) 
The value of 0.14 listed by Kerr and Trotman-Dicken-
son14 for k6b/k6s is used to compute the first term in 
(I) as well as to calculate the portion of the C2 product 
observed which comes from Reaction (6b). The re-
maining C2 provides an estimate for the second term 
in (I). The ratio k7s/k7b is unknown and unmeasurable 
in this system because of the production of a species 
identical to the starting material or to the principal 
product trans-hexene-2 in Reaction (7a). For the run 
at 2.0 cm of cls-hexene-2 shown in Table I, Eq. (I) 
is evaluated expressing product yields relative to the 
trans-hexene-2 produced, 
C2H6 produced~0.2S7+0.012+0.1S2 
+ (k7a/k7b) XO.1S2. (II) 
14 J. A. Kerr and A. F. Trotman-Dickenson, Progr. Reaction 
Kinetics 1, 111 (1961). 
Assuming k7a/k7b is not greater than unity, the first 
and third terms, calculated from the observed products 
butane and 3-methylpentene-1, account for over 70% 
of the cleavage reaction. 
Figure 1 shows that hexene-1 is formed in a pressure-
independent process, probably from an excited elec-
tronic state which has a lifetime short as compared 
to the time between effective deactivating collisions 
at the highest methane pressure used. The strong 
pressure dependence of the free-radical product yields, 
such as n-butane and 3-methylpentene-1, indicates that 
hexene-1 is not formed as a unimolecular decomposition 
product from the same precursor which decomposes 
to give the free-radical products in Reaction (5). 
Figure 3 is a plot of the ratio 
trans-hexene-2/[2 (1 +k6b/k6s ) butane+ 
3-methylpentene-1] 
vs pressure of added gas at a constant pressure of 
hexene-2. According to the proposed reaction scheme 
this ratio should be close to the ratio of the rate of 
C6H12 product formation from the deactivation Re-
action (4) to the rate of the dissociation Reaction (5) 
or for a mixture of hexene and an inert gas M th~ 
ratio is cPt[k4M(M)+k4C6(C6H12)]/k5. The linear{tyof 
Fig. 3 with methane pressure indicates that the species 
CaH12* is not collision dependent, or that, for the 
reaction 
k. 
CaH12*+ M-+C6H12+ M, k.(M)«ks• 
Here cPt is the efficiency or probability that the de-
activation process will produce a trans-hexene-2 from 
the electronically excited state. The quantum yield 
estimates suggest that cPt is not less than 0.1 and is 
probably larger. A value of 0.5 for cPt in effect assumes 
a perpendicular excited state. We take the slope of 
Fig. 3, 31.9 atm-1, to be the ratio cPtk4/k5• Using k4= 
XX1.3X101o atm-1·secl, where X is the deactivation 
probability per collision, we obtain k6=0.8X 108 sec1 
for the first-order rate constant for decomposition of 
hexene-2. It is not certain in the case of cts-hexene-2 
photolysis whether the decrease in the cleavage process 
[evaluated using Eq. (I) and the assumptions noted] 
with an increase in inert-gas pressure is balanced by a 
corresponding increase in trans-hexene-2 production. 
Such concomitant changes in the product yields would 
be required if the C6H12** species which must be de-
activated to prevent the decomposition Reaction (5) 
includes the precursor of trans-hexene-2. At 2 cm of 
hexene-2, in the absence of methane, the ratio of 
the cleavage reaction to trans-hexene-2 formation is 
0.4 to 0.6, depending on the actual magnitude of 
k7a/k7b. If the choice q.,,=O.S is correct, the decomposi-
tion to total stabilization ratio would be actually be-
tween 0.2 to 0.25. The absolute product yields of 
Runs 11 and 12 made with the repositioned lamp were 
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normalized to give the same yield for Run 12 as for 
other runs at the higher methane pressures in plotting 
Fig. 2, and there is a suggestion of a decrease in trans-
hexene-2 production at the lower methane pressures . 
.it is indicated that collisional stabilization of the trans 
olefin and dissociation are alternative paths for some 
excited species. This conclusion is seen to be definite 
in the case of the butene-2 experiments. 
trans- and cis-hexene-3 might also be expected as 
products of an intramolecular hydrogen migration 
similar to that producing hexene-1 in Reaction (2). 
trans-Hexene-3 was incompletely resolved from the 
hexene-2 isomers in the gas-liquid phase chromatog-
raphic analyses. There is a suggestion that trans-hexene-
3 is produced in an amount not exceeding 5% of the 
trans-hexene-2 formed. 
Butene-2 Reactions 
Figure 7 is a plot of the ratio of trans-butene-2 to 
all other products observed in the Ca through C6 range 
as a function of methane pressure, analogous to Fig. 3 
for the hexene-2 reactions. The trans-butene-2 yield 
at the lowest pressure, 17% of the Ca-C6 products 
excluding trans-butene-2, is an upper bound to the 
yield of trans-butene-2 produced through free-radical 
recombination and disproportionation processes. The 
importance of these fragmentation processes declines 
with increasing pressure. Thus, if the ratio of trans-
butene-2 produced in the free-radical reactions to 
other Ca-C6 products does not increase with an in-
crease in methane pressure, a maximum of 8% to 
11 % of the trans-butene-2 found at the highest methane 
pressures can be of free-radical origin. The linearity 
of the plot in Fig. 7 suggests that a first-order deactiva-
tion process which stabilizes the trans-butene-2 product 
is competing with one or more sequential unimolecular 
steps which lead to cleavage to free radicals. 
In determining the total yield of cleavage reactions 
from the series of Reactions (13a), (13b), and (13c), 
the material balances become difficult because of un-
certainties in the disproportionation/recombination 
ratios for the unsaturated radicals. The same products 
will also be produced in two or more different reactions. 
The yield of methyl radicals should match the yield 
of CaR. species and, through Reactions (13a) and (15), 
the yield of CHaQHCH2CHa should match the pro-
duction of CHaCH=CHQH2• Thus, in terms of the 
reaction mechanism proposed, the yield of each radical 
fragment may be expressed in terms of the products 
of a given carbon number assuming only Cl, Ca, 
and C4 radicals are present: 
Here C4 (recomb) represents the cis- and trans-
butene-2 produced. through recombination of CHa 
and CHsCH=CH radicals, C1 is the methane produced 
in disproportionation reactions, and C2 is ethane 
produced through the methyl recombination reaction 
(26). Similarly, 
CHaCH=CHQH2=! (CHaCH CHQH2 
+CHaCH2QHCHa products) 
= [C. (besides butene-2) 
+butene-2 (disproportionation) 
+Cs+C7+2XCs]/2. (IVa) 
From the equality of trans- and cis-pentene-2 pro-
duced, we may expect equal quantities of trans- and 
cis-butene-2 to be produced in the radical recombina-
tion and disproportionation processes. An upper limit 
to the total butene-2 produced in the free-radical 
reactions is then two times the yield of trans-butene-2 
in the 2-cm experiment without added inert gas. For 
these lowest-pressure experiments, we may compute the 
terms in (III) and (IV) using the data from Table III. 
Product yields are given relative to trans-butene-2; 
CHa produced = C1+1.44+3.30+ 1.0= C1+5. 75, 
(IIlb) 
CHaCH2= CHQH2 produced 
= (2.22+1.0+3.30+C1+2Cs)/2 
= 3.26+Cs+ C7/2. (IVb) 
The total butene-2 production for the low-pressure 
experiment is taken to be twice the trans-butene-2 
measured, and this is divided between the butene-2 
terms of (IlIa) and (IVa). 
From gas-liquid phase chromatographic analysis at a 
higher temperature than that usually employed, it is 
concluded that the C7 and Cs products are about 
comparable to the pentene-2 produced, or an addition 
of less than 1.25 to Eq. (IVb). 
Using the value of 0.3 listed by Kerr and Trotman-
Dickenson13 for (k16b ) /k16a and noting that methyl 
disproportionation yields either C.H6 or CaH4' we can 
estimate the methane contribution to Eq. (IIIb) as 
<0.3Xisopentane+C.H6+CaH. 
= 0.37 +0.26+0.13 = 0.76. 
The inequality results from the fact that C.H6 and 
CaH4 can be produced in any of the disproportionation 
reactions of C.H7 and CaHs radicals. 
Thus the ratio C-C to C-H split for the excited 
butene-2 calculated from the data is (IIIb)/(IVb) = 
(k13b+kl3c) /klaa= 1.45. It is also observed that the 
total of the cleavage reactions, represented by (lIIb) + 
(IVb) = 11.0, is numerically similar to the total of 
the observed Ca-C5 products shown in Table IV. 
Double counting of the C-H cleavage reaction through 
observation of both butyl and butenyl radical C4 
and CD products compensates for not having included 
the C7 and Cs products in the summation of Table IV. 
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TABLE V. Calculated and experimental results for the unimolecular decomposition rate constant kE(sec-I). 
Reaction E 
CJIs->CaH,,+CHa 137.5 
137.5 
C.Hs->C.H7+ H 137.5 
137.5 
CJh,-·C.H1+C2H• 139 
118 
118 
• Reference 7. 
Except for isobutene, trans-butene-Z, and to a lesser 
extent butene-l the relative product yields are reason-
ably pressure i~dependent; and therefore the ratio of 
trans-butene-Z to all observed C3-through-CIi products, 
excluding trans-butene-Z, is used to indicate the ratio 
of collisional stabilization to free-radical cleavage. Thus 
the slope of Fig. 7 may be used to evalua~e t~e ratio 
cf>tk12/k13, where k12 is the bimolecular deactivatIOn rate 
constant assigned a value of XX1.3X101o atm-l.sec~l 
as in the evaluation of the cis-hexene-Z data, cf>t IS 
the fraction of stabilized butene-Z which will be trans, 
and kI3 is the sum of the first-order decomposition 
rate constants kI3a+kI3b+kI3c. From Fig. 7 we obtain 
kI3 =cf>,XXX4.3X109 seel. The collisional efficiency 
for methane is taken to be 0.4, and we assume cf>t=0.5 
as we did for the hexene-Z reaction, giving kI3 =0.85X 
109 seel for the butene-2 decomposition. The ratio 
of trans- to cis-pentene-2 observed was generally 0.9 
to 1.0; the pentene-Z is ascribed to Reaction (Z6a). 
This ratio implies either that the CH3CH=CH-CH2 
species is evenly distributed between cis and trans 
forms after formation or that its precursor, CJIs* 
or CJIs**, is symmetrically disposed to yield cis- or 
trans-CJI7 with equal probability. 
The increase in isobutene yield with an increase in 
methane pressure is not explainable by simple free-
radical processes which suffice for the other products. 
Either a unimolecular isomerization of an excited 
butene-Z species with methyl migration is involved, 
or there is an unusual intermediate form of a CaHIi 
or CJI7 fragment species which is collision stabilized. 
Isobutene was not reported in the mercury-photo-
sensitized decomposition of butene-2, and there is no 
other published work on the direct photolysis of mono-
olefins which would provide evidence for carbon 
skeletal changes. It is known that 1, Z-hydrogen shifts 
occur in the mercury-photosensitized decomposition 
of 1, Z-dideutero ethylene.ls 
The yield of butene-l did not show the threefold 
decrease over the methane range spanned which was 
exhibited by other products attributable to free-
radical reactions. It is estimated from Fig. 5 that at 
16 A. B. Callear and R. J. Cvetanovic, J. Chem. Phys. 24, 
873 (1956. 
Eo kE(calc) kE(exptl) 
85 1.1X109 5.0XlOs 
89 3.1X1Q8 
81 2.7X108 3.5X1Q8 
85 O.81X108 
72 3.9X107 8.2X107 
72 1.26X lQ8 3.7XIQ6· 
68 7.2XIQ6 
least half of the butene-l produced at the highest 
methane pressures is attributable to ReactIOn (10), 
analogous to the hexene-l formatIOn in the hexene-Z 
photolysis experiments. The yield of butene-l from 
Reaction (10) is then 5% to 10% of the trans-butene-Z 
yield with 50 cm of methane present, similar to the 
hexene-l/trans-hexene-2 product ratio in the photolysis 
of cis-hexene-Z. 
Calculated Rate Constants 
The RRKM model provides a method for the cal-
culation of the rate constant kE for the unimolecular 
decomposition of a molecule of energy E, as has recently 
been reviewed in detaip6 To evaluate kE using this 
model, one must know the total internal energy of the 
molecule E* (which can be utilized in the bond-
rupture process), the potential-energy barrier Eo, a 
set of vibrational frequencies for the reactant molecule, 
and a set of vibrational frequencies for the activated 
complex. 
For hexene-Z in this work, we assume that E is the 
sum of the average light quantum energy and the 
thermal vibrational energy, 139 kcal/mole. In this 
calculation of kE for hexene-Z were used the hexene 
vibrational frequency assignments for the semiloose 
activated complex, Modell, of Dorer and Rabinovitch7 
as well as their value of 1.6 for the ratIO P+ / P and 
the selection of Eo= 72 kcal/mole as the carbon-
carbon bond energy. The approximate methods of 
Whitten and RabinovitchI7 for the evaluation of kE 
should be valid for the energies considered for these 
hydrocarbons and were therefore used. The applica-
tion of these methods was checked by reproducing to 
within 15% the value for kE at 118 kcal/mole computed 
by Dorer and Rabinovitch7 using exact summation 
procedures. The results of these calculatIons and the 
expenmental values of ks, kl3a, and (kIab+kl3c) are 
found in Table V. An increase in the available vibra-
tional energy from 118 to 139 kcal/mole increases the 
16 See B. S. Rabinovitch and D. W. Setser, Advan. Photochem. 
3, 1 (1964), for a general review of the literature and recent 
applications of this model. 
17 G. Z. Whitten and B. S. Rabinovitch, J. Chem. Phys.38, 
2466 (1963). 
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calculated value of kE by a factor of 31, and the ratIO 
of the value for ks obtallled expenmentally at the 
higher total energy to the value reported previously7 
for the hexene-2 decomposition at 118 kcal/mole is 22. 
It should be exphasized that the value of 31 for the 
ratio of calculated rate constants at the two energies 
will be more significant than the absolute value cal-
culated for one such rate constant. 
Both allylic hydrogen-cleavage and carbon-carbon-
cleavage reactions occur in the photolysis of cis-
butene-2, and evidence exists that the dissociation 
energies for the two reactions are similar. Use of 
D (nC4H r H ) = 98 kcal/mole 18 and the value of 13 
kcal/mole for allylic stabilization energy proposed by 
Egger, Golden, and Benson19 gives D(CHsCHCHCHz-H)= 
85 kcal/mole assuming no activation energy for re-
combination. Calvert and Pitts list 81 kcal/mole for 
this dissociatIOn energy. We conclude that Eo is between 
81 and 85 kcal/mole for the dissociation of butene-2 
to CJI7+H. 
The dissociation energy for removing a methyl group 
from butene-2 is also not accurately known. Estimates 
of the SpL Sp2 carbon-carbon bond strengths vary 
between 85 and 90 kcal/mole.20 •21 Use of enthalpies 
of formation of 65 and 32 kcal/mole for the CH2CH 
and CH3 18 radicals yields a dissociation energy of 
92 kcal/mole for the single bond in propylene, pre-
sumably similar to the corresponding dissociation 
energy of butene-2. Calculations of kE for the two 
modes of decomposition of butene-2 for comparison 
with the experimental values from kD were performed 
similarly to those for hexene-2 using the approxima-
tion of Whitten and Rabinovitch for the vibrational 
energy level sums. Reaction path degeneracies of 2 
and 6 were included for the C-C and C-H cleavage 
reactions, respectively. The vibrational assignments 
used for butene-2 were those of Richards and Nielson,22 
and a C-C or C-H stretching mode was used as the 
reaction coordinate, with related group bending fre-
quencies lowered to one-quarter of the values for the 
molecule to obtain the frequencies for the transition 
state. This corresponds to the semiloose model for the 
activated complex. The results of these computations 
of kE for the two dissociation reactions of butene-2 
using different values for the dissociation energies are 
summarized in Table V along with the hexene-2 results. 
Variations in the transition-state frequency assign-
ments over reasonable ranges will change the calculated 
kE values by up to a factor of 10,7.16 and the absence 
of low-energy rate data for butene-2 decomposition 
precludes taking a ratio of calculated rate constants 
18 J. G. Calvert and ]. N. Pitts, Ref. 11, pp. 819 and 824. 
19 K. W. Egger, D. M. Golden, and S. W. Benson, J. Am. 
Chern. Soc., 86,5420 (1964). 
20 J. E. Bloor and S. Gartside, Nature 184, 1313 (1959). 
21 M. J. S. Dewar, Hyperconjugation (The Ronald Press, 
Inc., New York, 1962), p. 66. 
22 C. M. Richards and J. R. Nielson, J. Opt. Soc. Am. 40, 
442 (1950). 
for different energies. Thus the cancellation of effects 
of the model possible for the hexene-2 calculation is 
not useful for the butene-2 case. However, it is ob-
served that the rate constants observed for the de-
composition reactions of butene-2 with an initial 
energy content of 137.5 kcaljmole are at least con-
sistant with values calculated for a model involving 
an "ordinary" unimolecular decomposition following 
a rapid internal conversion from an electronically 
excited state. The agreement is more striking for 
hexene-2 where the ratio of rate constants at two dif-
ferent energies is calculable with much greater con-
fidence than the absolute rate constant at one energy. 
Alternative Excited States 
Let us consider in more detail alternative processes 
which might lead to dissociation of the photochemically 
excited olefin molecules. Reactions of the following 
variety may easily be discarded: 
CJIg*---+CaRs*+CH3 or CHaCHCHCH2*+H, 
C6H12*---+CHaCHCHCH2*+C2Hs. 
Here reactants and products are in electronically ex-
cited states. These reactions could be viewed as thermal 
cracking processes of the excited state. The energy E* 
which could be utilized for bond rupture is now the 
difference between the energy input and the energy 
of the lowest vibrational level of the electronically 
excited state. The energy input is insufficient to leave 
a product species in an excited singlet state. If a 
rapid intersystem-crossing process occurs leaving the 
olefins in the lowest triplet state of minimum electronic 
energy, 60 kcal/mole, then the available vibrational 
energy E* of the triplet species could be as high as 
80 kcal/mole. For this reaction Eo is then the sum of 
the dissociation energy of the triplet olefin to ground-
state radicals and the triplet electronic excitation of 
the product species. The excess vibrational energy of 
the transition state E+= E*- Eo is not likely to be 
large enough to give a significant rate of reaction. 
We must now consider the possibility of direct dis-
sociation from either electronically excited singlet or 
triplet states to give products in ground electronic 
states in times short as compared to those required 
for internal vibrational energy redistribution. In terms 
of the notation reserving the descriptions C6H12* and 
CJI8* for species with electronic excitation, the re-
actions are 
CsH12 *---+CJI7+ CaRs, 
CJI8*~C3Hs+CH3. 
(26) 
(27) 
Calculations of lifetimes using a model for unimolecular 
reactions based on the assumption of rapid intra-
molecular energy transfer are obviously invalid for 
these reactions. There are features of the decomposition 
reactions studies here, however, which would seem 
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to be incompatible with these "rapid-polyatomic-
predissociative" reactions. The predissociative rate 
constants k'n and k26 might be expected to be more 
similar than the observed ratio of 10.4 for the decom-
position rate constants indicates, considering the simi-
larity of the chromophoric groups and the absorption 
bands for the two olefins. The strongest argument 
against the one-step dissociation reactions is provided 
by the dissimilarity of the cleavage reactions of butene-2 
and hexene-2. The observed products correspond to 
those expected on the basis of experience with thermal 
reactions. The weakest bonds are ruptured; a single 
mode of dissociation such as a-carbon-carbon cleavage 
is not observed for the two olefins in this photochemical 
work. The weakest {3 C-C bond is broken in hexene-2. 
The wavelengths used in this study partly overlap 
the long wavelength tail of the V-N absorption bands 
of the olefins; however, there is strong absorption by 
the "mystery bands" as discussed most recently by 
Robin, Hart, and Kuebler.l3 Suggestions were made 
by these authors as well as by Berry23 that photo-
chemical cleavage of alkyl groups a to the unsaturation 
is expected as a result of excitation through the "mys-
tery bands." Absence of such cleavage for hexene-2 
and presence of the {3 C-H cleavage reaction in the 
butene-2 system suggests either the invalidity of the 
theoretical predictions or the rapid radiationless transi-
tion from the electronically excited states formulated 
in Reactions (2) and (11). Although the existence of 
the direct dissociation processes from electronically 
excited states cannot definitely be disproved for these 
mono-olefins, the weight of evidence seems to favor 
Reactions (5) and (13). 
23 R. S. Berry, J. Chern. Phys. 38, 1934 (1963). 
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The wavefunction and Hamiltonian matrix for tetrahedral B.H. have been obtained from an SCF calcula-
tion based upon accurate integrals over a minimum basis set of Slater orbitals (H exponent of 1.2). The 
molecule is bound by 0.43 a.u. relative to 4 BH, the overlap populations are 0.837 for BH and 0.451 for BB, 
and charges are -0.08 on Band +0.08 on H. 
SELF-consistent-field (SCF) calculations of mole-cular wavefunctions have recently been reportedl 
for the molecules CH4, C2H2, C2&, C2H6, BHa, B2H6, 
NHa, and HCN. Accurate values of all integrals were 
obtained over a minimum basis set of Slater orbitals. 
From these calculations parameters were derived, by 
the new method of Newton, Boer, and Lipscomb,2 for 
the approximation of SCF wavefunctions in a large 
number of organica and boron hydride4 molecules. 
Further extensions of this method in boron chemistry 
are clearly dependent upon SCF parameters from more 
complex boron hydrides than BHa and B2H6• For 
polyhedral borane species it is especially important to 
obtain parameters from BH units bonded only to other 
1 W. E. Palke and W. N. Lipscomb, J. Am. Chern. Soc. 88, 
2384 (1966). 
2 F. P. Boer, M. D. Newton, and W. N. Lipscomb, Proc. Nat!. 
Acad. Sci. U.S. 52, 890 (1964); M. D. Newton, F. P. Boer, W. 
E. Palke, and W. N. Lipscomb, ibid. 53, 1089 (1965); M. D. 
Newton, F. P. Boer, and W. N. Lipscomb, J. Am. Chern. Soc. 
88,2353 (1966). 
3 M. D. Newton, F. P. Boer, and W. N. Lipscomb, J. Am. 
Chern. Soc. 88,2367 (1966), 
4 F. P. Boer, M. D. Newton, and W. N. Lipscomb, J. Am. 
Chern. Soc. 88, 2361 (1966). 
BH units, and hence we present here SCF results5 
for the regular tetrahedral B4ff4 molecule. Of course, 
B~4 is not yet known, but tetrahedral B4Cl4 exists6 as 
a structure in which four B-CI (terminal) units form 
a stable molecule. 
Orbital exponents here are the same as previously 
employed: 4.7 for 1s of B, 1.3 for 2s and 2p of B, and 
1.2 for 1s of H. A few integrals in the present study of 
B~4 have errors as large as 2X 10-5 a.u., but most are 
accurate to six decimal places. These integrals were 
computed by the Barnett-Coulson methods based 
upon r functions.l·7 An important extension of these 
methods is a new computer programS for the IBM 7094 
for four-center integrals over p orbitals on more than 
two centers. This program was extensively tested by 
comparisons with older programs for simpler integrals, 
and with a program by Shavitt and Stevens for multi-
5 W. E. Palke, Ph.D. thesis, Harvard University 1966. 
8 M. Atoji and W. N. Lipscomb, Acta Cryst. 6, 547 (1953). 
7 M. P. Barnett, Methods in Computational Physics (Academic 
Press Inc., New York, 1963), Vol. 2, p. 95; also M. P. Barnett 
and C. A. Coulson, Phil. Trans. Roy. Soc. (London) A243, 221 
(1951) . 
8 W. E. Palke and D. E. Ellis (to be published). 
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